ABSTRACT
INTRODUCTION
Enzymes that bind and function on DNA are necessary for all DNA metabolic processes such as replication, recombination, repair, and transcription. Multiple DNA binding proteins function together to catalyze these processes (1) . Measuring the DNA binding properties of a single enzyme is relatively straightforward. However, when more than one enzyme is present in the reaction, determining the sequence of binding, and how the presence of one enzyme influences another is required to determine the overall mechanism of action. In multi-protein, steady-state experiments, the contribution of an individual enzyme is often probed by varying the concentration of the target enzyme relative to all other components (including the DNA substrate). Such experiments do not yield the microscopic rate constants of the individual steps in the reaction which are required to decipher the complete mechanism of action. Moreover, transient-kinetic tools are required to capture rapid conformational changes in proteins, and this information sheds light on how the various proteins interact with each other and the DNA template. The use of fluorescentlylabeled DNA substrates serve as excellent tools to monitor overall reaction kinetics or to characterize the DNA binding/dissociation dynamics of a single protein (2) (3) (4) (5) . For example, short oligonucleotides have been labeled with fluorophores to monitor the outcome of DNA recombination (6) , assembly/disassembly of Rad51 nucleoprotein filaments (7, 8) , track protein movement on DNA and RNA (9) (10) (11) and to capture DNA unwinding (12, 13) . Such an approach is limited by the read out from the DNA substrate and the contribution of individual enzymes cannot be interpreted when multiple proteins are present in a reaction.
To capture the sequence of binding and dynamics of each enzyme in a multi-protein reaction, one approach is to obtain a direct, quantifiable signal from a fluorescent label positioned on the individual protein that can undergo a change in fluorescence upon binding to DNA (9, 14) . The changes in fluorescence help ascertain enzyme dynamics on DNA and how such dynamics are influenced by the presence of other DNA binding proteins in the reaction. Ensemble and single-molecule based fluorescence spectroscopy serve as powerful tools to investigate enzyme function on nucleic acid substrates, but are reliant on the generation of proteins tagged with genetically encoded fluorophores such as eGFP or mCherry (15) (16) (17) . These tags are large in size, have positional constraints, are likely to interfere with activity, (18) and potentially inhibit protein-protein interactions (19) . The attachment of large genetically-encoded fluorophores is particularly problematic for smaller DNA binding proteins such as Rad51, RecA or Dmc1, that function by forming cooperative nucleoprotein filaments on DNA. Finally, attachment of genetically encoded fluorophores is often limited to the N-and C-terminal ends of the candidate proteins. Due to the positional constraints, and their size, they cannot be site-specifically introduced in internal regions of a protein, which is often necessary to capture conformational movements and for Förster Resonance Energy Transfer (FRET) studies (20) . Small, chemical fluorophores circumvent many of these issues, and can be site-specifically placed anywhere in the primary sequence of a protein.
The most commonly used approach to site-specifically attach fluorescent probes on proteins relies on maleimidethiol chemistry to cysteine residues (21) . While robust, this approach suffers from the need to generate a single-cysteine bearing functional version of the target protein. This approach is not feasible in proteins where multiple cysteines are important for function or folding. In addition, screening and isolating modifiable cysteines in multi-cysteine proteins is time-intensive. This problem is circumvented using non-canonical amino acids (ncaa), an attractive strategy to engineer site-specific fluorescently labeled versions of proteins without the need to generate a single-cysteine version of a protein (22, 23) . The ncaa methodology uses an amber suppressor stop codon (UAG) to mark the site of incorporation in the protein of interest. Co-expression of the TAG-construct along with a cognate pair of tRNA AUG and tRNA synthetase, specific to ncaa recognition and incorporation, generates the site-specific ncaa carrying protein. This methodology has been successfully used to directly incorporate fluorescent-ncaa (24) (25) (26) , or ncaa carrying functional groups that can subsequently be covalently attached to fluorophores using click-chemistry (27) (28) (29) (30) .
Using the ncaa approach, we sought to address the function of Replication Protein A (RPA), a key enzyme in various DNA metabolic processes (31, 32) . RPA is essential for survival and functions as a ssDNA binding protein during DNA replication, replication restart, repair, recombination, transcription, and telomere maintenance (33) . In addition, RPA has also been shown to resolve R-loop and Gquadruplex secondary structures (34, 35) . Binding of RPA to ssDNA in the cell also serves as a signalling cue to initiate DNA repair processes acting as a binding platform for the recruitment of various DNA processing enzymes (36) . Recent evidence also points to RPA facilitating the reestablishment of chromatin structures after DNA replication and repair (37) . In each of these biologically important reactions, RPA functions in the presence of several other proteins capable of binding to DNA, e.g. polymerases, helicases and histones.
RPA plays an indispensable role in homologous recombination (HR), a critical DNA repair pathway that corrects double stranded DNA (dsDNA) breaks in the genome (33, 36, 38) . Defective HR leads to genomic rearrangements and chromosomal defects often resulting in hereditary cancers and cancer-prone diseases such as Fanconi Anemia and Bloom's syndrome (39, 40) . In addition to DNA repair, HR is fundamental to the maintenance of gametic diversity during meiotic crossover events. During HR, dsDNA at the site of a break is resected to yield long stretches of ssDNA, which serve as a template for the nucleation of the Rad51 recombinase and formation of nucleoprotein filaments. Rad51 functions as the central engine in HR by performing ATP-dependent strand exchange (41, 42) . In the cell, the resected ssDNA is rapidly coated by RPA to protect it from nucleolytic degradation, and this step has been shown to activate the DNA damage response through several checkpoint kinases (36) . To promote HR, RPA must first be displaced from the ssDNA, thus allowing formation of the Rad51 nucleoprotein filament. Pro-recombinogenic mediator proteins such as Rad52 and BRCA2 have been shown to promote Rad51 binding to ssDNA by displacing RPA (43-45). The Rad51 nucleoprotein filament then catalyzes strand exchange to drive HR. Similarly, in other instances where HR is inhibited, Rad51 filaments are disassembled by anti-recombinogenic mediators such as the Srs2 helicase (7, 46, 47) . In Rad51 filament clearing reactions, RPA is proposed to sequester naked ssDNA once the Rad51 molecules are removed by Srs2 (48) . While RPA has been shown to regulate several steps in HR, its precise mode of action in these events is not clearly understood.
The complexity of RPA function in multi-protein contexts necessitates the need for a site-specifically labeled fluorescent RPA probe to tease out its mechanism of action in the presence of other DNA binding proteins. The technical complexity in site-specifically labeling RPA arises from its heterotrimeric arrangement. RPA is composed of three subunits--RPA70, RPA32 and RPA14, and contains six oligosaccharide-oligonucleotide folds (OB-folds) and four DNA-binding domains (DBD) (49, 50) . Three of the DBD's reside on the large RPA70 subunit and the fourth one lies in the RPA32 subunit ( Figure 1A ). The DBD's are connected by flexible linkers that enable RPA to exist in multiple conformational states on DNA (51) . The individual DBD's play disparate roles in ssDNA binding and have been shown to modulate the strength of RPA-ssDNA interactions and/or its sliding/diffusion on DNA (52). DBD's A and B in RPA70 are the dominant contributors that cooperatively bind to ssDNA with high affinity (K a > 2 × 10 7 M −1 ) (53). The order of DBD binding and their orientation on ssDNA controls the polarity of RPA and associated activities (54) (55) (56) . Our understanding of how RPA binds to DNA stems from elegant biophysical characterization of its kinetic and thermodynamic properties (52, (57) (58) (59) (60) . How these properties are affected in the presence of other proteins such as the Rad51 recombinase or mediator proteins such as Rad52 or BRCA2 remains poorly resolved. Recent advancements in single-molecule fluorescence microscopy has enabled the study of RPA dynamics on long DNA substrates in the presence of multiple DNA binding proteins, (61) (62) (63) but are limited by resolution of the imaging technology. Thus far, these experiments have been reliant on genetically encoded fluorophores with the limitations described above. Our ncaa approach overcomes several of these lim- itations and enables the study of RPA dynamics in multiprotein reactions.
Here, we describe (a) the development of a Saccharomyces cerevisiae RPA probe (RPA f ), labeled at a single site in the heterotrimeric complex using a combination of ncaa and bio-orthogonal chemistry. This methodology circumvents the need for maleimide chemistry to covalently attach fluorophores or create a single-cysteine version of the protein, thereby leaving all Cys residues in RPA intact and rendering a fully functional protein. (b) This approach also enables us to perform single molecule total internal reflection fluorescence (TIRF) microscopy-based investigation of protein dynamics without the need for genetically encoded fluorophores. (c) In addition, to facilitate cost-effective incorporation of this methodology, we describe a synthesis strategy for economical, large-scale production of the 4-azidophenylalanine ncaa. (d) We have identified a unique position in the RPA32 subunit which enables strategic attachment of a fluorescent reporter that does not affect RPA function, but yields a quantifiable change in fluorescence upon binding to ssDNA. (e) Finally, using RPA f , we describe the kinetics of RPA binding, dissociation, facilitated self-exchange, and facilitated exchange in the presence of Rad51 and mediator proteins. 
MATERIALS AND METHODS

Materials
Plasmids for protein overexpression and ncaa incorporation
The plasmid expressing all three subunits of RPA (p11d-tscRPA) was a kind gift from Dr Marc Wold (University of Iowa). The amber suppression stop codon (TAG) in RPA14 was substituted with an ochre stop codon (TAA), and a Cterminal 6X polyhistidine tag was incorporated in RPA32 using Q5 site directed mutagenesis (New England Biolabs, Ipswich, MA). Finally, a single TAG stop codon was introduced at position W101 in the RPA32 subunit marking the site for incorporation of p-azido-L-phenylalanine (4AZP). Plasmids for 4AZP incorporation are as described (29, 30, 64) .
Synthesis of 4-azidophenylalanine (4AZP)
A detailed procedure for the economical synthesis of pure 4AZP from Fmoc-4-aminophenylalanine is described in the Supplemental Methods.
Expression and purification of proteins
Wild type RPA (RPA WT ) was overexpressed in BL21Ai cells containing plasmid p11d-tscRPA and purified as described (65) with the following modifications. 4L Luria-broth cultures were grown for each protein preparation. Cells were induced with 0.4 mM IPTG and 0.05% (w/v) L-arabinose when they reached OD 600 = 0.6, and grown for an additional 3 h at 37
• C. Harvested cells were resuspended in 120 ml cell resuspension buffer (30 mM HEPES, pH 7.8, 300 mM KCl, 0.1 mM EDTA, protease inhibitor cocktail, 1 mM PMSF, 10% (v/v) glycerol and 10 mM imidazole). Cells were lysed using 400 g/ml lysozyme followed by sonication. Clarified lysates were fractionated on a Ni 2+ -NTA agarose column. Protein was eluted using cell resuspension buffer containing 400 mM imidazole. Fractions containing RPA WT were pooled and concentrated using an Amicon spin concentrator (30 kDa molecular weight cut-off). RPA WT was dialyzed into storage buffer (30 mM HEPES, pH 7.8, 30 mM KCl, 2 mM DTT and 10% (v/v) glycerol), flash frozen using liquid nitrogen, and stored at -80
• C. RPA WT concentration was measured spectroscopically using ⑀ 280 = 98 500 M −1 cm −1 . To obtain RPA carrying 4AZP (RPA 4AZP ), the p11d-tscRPA-TAG32-101 plasmid, which contains the TAG at position 101 in the RPA32 subunit, was cotransformed into BL21Ai cells with the plasmid pDule2-pCNF containing the orthogonal tRNA UAG and tRNA synthetase for 4AZP ( Figure 2A ) (29, 30) . Cotransformants were selected using both ampicillin (100 g/ml) and spectinomycin (50 g/ml). An overnight culture (50 ml) from a single colony was grown in LB media containing ampicillin and spectinomycin. 10 ml of the overnight culture was added to 1 L of minimal media. The minimal media for ncaa incorporation was prepared as previously described, (64) but lactose was excluded. Cells were grown at 37
• C until the OD 600 reached 2.0 and then induced with 0.4 mM IPTG and 0.05% Larabinose along with 1 mM 4AZP. The 4AZP solution was prepared by first dissolving 206 mg in 250 l of 5 M NaOH (or 2 ml MeOH), vortexed extensively, and then adjusted to 8 ml with H 2 O, and the entire mixture was added to 1 L of media to achieve a 1 mM final concentration. Induction was carried out at 37
• C for 3 h. Cells were resuspended in cell resuspension buffer and purified as described above for RPA WT . Care should be taken not to add DTT during purification of RPA 4AZP as it interferes with downstream click chemistry reactions. RPA 4AZP was flash frozen and stored at -80
• C. Srs2 and Rad51 were purified as described (7). Escherichia coli SSB was purified as described (66) .
Bio-orthogonal labeling of RPA ∼2.5 ml of 20 M RPA 4AZP was incubated with 1.5 molar excess (30 M) of DBCO-MB543 (an alkyne derivatized fluorophore) in labeling buffer (30 mM HEPES, pH 7.8, 300 mM KCl and 10% (v/v) glycerol) for 1 h at 4
• C. Labeled RPA (RPA f ) was separated from excess dye using Biogel-P4 gel filtration (50 cm × 2 cm bed volume), in storage buffer (30 mM HEPES, pH 7.8, 30 mM KCl and 10% (v/v) glycerol). Labeling efficiency was calculated using absorption values at 280 and 550 nm and ⑀ 280 = 98500 and ⑀ 550 = 105000 for RPA and MB543 fluorophore, respectively. When measuring the concentration of RPA f , a correction factor of 0.127 was applied to the protein absorbance value at 280 nm to correct for the contribution of MB543 dye absorbance at 280 nm.
Fluorescence measurements
Fluorescence spectra were obtained using a PTI QM40 instrument (Horiba Scientific, Edison, NJ, USA). 100 nM of ssDNA [(dT) 97 ] or plasmid dsDNA (100 nM nucleotides) were added to quartz cuvettes containing 2 ml solutions of 100 nM RPA f in reaction buffer (30 mM HEPES, pH 7.8, 100 mM KCl, 5 mM MgCl 2 , 1 mM ␤-mercaptoethanol and 6% (v/v) glycerol). Samples were excited at 535 nm and emission spectra (555-580 nm) were recorded. All experiments were performed at 25
• C.
DNA binding
The DNA binding activity of RPA f was measured using electromobility band shift analysis. 50 nM of 32 P-labeled (dT) 35 oligonucleotide was incubated with increasing concentrations of RPA WT , RPA 4AZP or RPA f (0-1 M) in reaction buffer for 10 min at 4
• C. 1 l of DNA loading dye (50% (v/v) glycerol and 0.2% (w/v) bromophenol blue in 1 × TBE) was added to the samples and resolved using an Nucleic Acids Research, 2017, Vol. 45, No. 16 9417 8% TBE-acrylamide gel (110 V, 25
• C). Gels were exposed overnight onto a phosphorimaging screen and scanned using a STORM scanner (GE Healthcare, Pittsburgh, PA, USA). Bound and unbound DNA signals were quantitated using ImageQuant software and the fraction ssDNA bound to RPA was calculated using the equation:
(bound 32 P signal)/(bound 32 P signal + unbound 32 P signal) * [ssDNA] (1)
Stopped-flow assays
All stopped-flow experiments described below to monitor RPA f dynamics were performed on an Applied Photophysics SX20 instrument (Surrey, UK) in reaction buffer (30 mM HEPES, pH 7.8, 100 mM KCl, 5 mM MgCl 2 , 1 mM ␤-mercaptoethanol and 6% (v/v) glycerol) at 25
• C. Samples were excited at 535 nm and emission was monitored using a 555 nm cut-off filter (Newport corp., Irvine, CA, USA).
RPA
f -ssDNA binding kinetics. To quantify RPA f binding to ssDNA, 100 nM RPA f was rapidly mixed with 30 nm (dT) 97 oligonucleotide (post-mixing concentrations). Assuming a binding site size of 18-20 nt for RPA (59), we expect 4-5 RPA molecules to occupy each (dT) 97 oligonucleotide in our experiments. Data were fit to a singleexponential plus linear equation to obtain observed rate constants:
where F is change in RPA f fluorescence, A and k 1 are the amplitude and observed rate of the exponential phase, k 2 is the steady state rate and t is time. To measure non-specific changes in RPA f fluorescence in the presence of other proteins, 100 nM RPA f was mixed with Rad51 (0.97 M) or Srs2 (200 nM). No change in fluorescence was observed. Post-mixing concentrations of proteins are noted.
f facilitated exchange kinetics. RPA f -(dT) 97 complexes were preformed using 200 nM RPA f and 60 nM (dT) 97 in one syringe and rapidly mixed with increasing concentrations of RPA WT from the second syringe (100-1000 nM) and the change in RPA f fluorescence was monitored. Facilitated exchange experiments with Escherichia coli SSB were assayed similarly, where preformed RPA f -(dT) 97 complexes were challenged with SSB (40-200 nM). Both data were analysed using Equation (2) to obtain observed rate constants. k obs,1 was plotted against [RPA] and a linear fit was used to generate a rate for the facilitated exchange processes.
f kinetics during homologous recombination. To quantitate the dynamics of RPA f in the presence of Rad51, RPA f -(dT) 97 complexes were performed as described above and challenged with Rad51 (0.97 M; post-mixing concentration) in the absence or presence of ATP (5 mM). Assuming a binding site size of 3.3 nt/Rad51, there are ∼30 Rad51 binding sites per (dT) 97 substrate. To saturate ∼900 nM Rad51 binding sites we used 970 nM Rad51 in our experiments. Rad51 displaces RPA f in the presence of ATP ( Figure 6B ) and the change in fluorescence was fit using a double exponential equation:
The analysis yields two observed rate constants. Similarly, displacement of RPA f by Srs2 was measured by challenging RPA f -(dT) 97 complexes with increasing concentrations of Srs2 (100 or 200 nM; post-mixing). Data were well described by Equation (2) and yielded observed rate constants for the process. Finally, the ability of RPA f to disrupt Rad51-ssDNA nucleoprotein filaments in the presence or absence of Srs2 was investigated by premixing Rad51 (1.94 M) with (dT) 97 (60 nM) in one syringe and challenging the complex with RPA f (200 nM) in the absence or presence of Srs2 (200 nM) [all concentrations pre-mixing]. 5 mM ATP was present in both reactions. The filament clearing data in the presence of Srs2 is described by Equation (2) .
Tryptophan quenching experiments to obtain RPA-ssDNA binding kinetics. Intrinsic tryptophan fluorescence was used to capture RPA binding to ssDNA in reaction buffer. 100 nM RPA WT or RPA f was rapidly mixed with 30 nM (dT) 97 oligonucleotide and the change in Trp fluorescence was monitored by exciting the sample at 290 nm and measuring emission with a 350 nm cut-off filter. To obtain the association rates for RPA WT and RPA f , similar intrinsic tryptophan quenching stopped-flow experiments were performed with 100 nM RPA WT or RPA f (post-mixing concentrations) and increasing concentrations of (dT) 35 . All tryptophan quenching stopped-flow data were fit using Equation (2) to obtain the observed rate constants for RPA-DNA binding.
Single molecule DNA curtain assays to monitor RPA facilitated exchange ssDNA curtains were prepared and visualized by total internal reflection fluorescence microscopy (TIRFM), as previously described, with the exception that GFP-RPA was replaced with RPA f (63, 67) . Briefly, a lipid bilayer is built upon a glass support with nanofabricated chromium barriers and pedestals inside a microfluidic flowcell that allows for buffer exchange. Long ssDNA were generated using rolling circle replication with Phi29 DNA polymerase from a circular ssDNA template (M13mp18) primed with a 5 -biotinylated oligonucleotide. ssDNA is then tethered to the lipid bilayer through a biotin-streptavidin-biotin linkage and pushed against the nanofabricated barrier with hydrodynamic force. Flowing HR buffer (30mM Tris-acetate, pH 7.5, 100 mM KCl, 5 mM Mg(OAc) 2 , 1 mM DTT, 2 mM ATP and 0.2 mg/ml BSA) containing 100 pM RPA f allows for visualization of ssDNA and a second attachment point is made through non-specific interaction of the 3 end of ssDNA to a chromium pedestal to keep the ssDNA in the evanescent TIRF field. Presynaptic complex assembly was initiated by injecting 2 M Rad51 in HR buffer lacking RPA f . Disassembly of the presynaptic complex was initiated by flushing the sample chamber with HR buffer with 100 pM RPA f lacking ATP as previously described (63, 67) .
RESULTS
Generation of fluorescent RPA f using non-canonical amino acids and bio-orthogonal chemistry
A fluorescent version of RPA that produces a change in signal upon binding to ssDNA would facilitate investigation of its binding dynamics in the presence of multiple DNA binding proteins. To obtain a fluorescent version of RPA (RPA f ) that does not contain a large protein-based fluorophore, we used a combination of ncaa incorporation and bio-orthogonal chemistry. RPA is composed of three subunits -RPA70, RPA32 and RPA14, where the number corresponds to their respective molecular weights. There are 14 total cysteine residues in Saccharomyces cerevisiae RPA and the ncaa methodology circumvents the need to generate a cysteine-free version of the protein for site-specific labeling. We used the crystal structure of Ustilago maydis RPA as a guide for the positioning of the ncaa ( Figure 1A) , (49) and selected a position that resides close to the DNA binding interface in the RPA32 subunit. Both the RPA70 and RPA32 subunits interact with DNA through conserved DNA binding domains, and a greater degree of contacts reside in the larger RPA70 subunit ( Figure 1A) . We chose to insert the ncaa at position W101 in RPA32 due to its proximity to DNA in the crystal structure. Strong sequence conservation in this region is also observed (Figure 1B) , suggesting that this region might be responsive to conformational changes upon binding to ssDNA. In addition, the region is situated away from terminal portions of RPA70 and RPA32, which are known to mediate protein-protein interactions (31) .
We used p-azido-L-phenylalanine (4AZP) as the ncaa as it can be readily coupled to commercially available alkynefluorophores using click chemistry. A C-terminal polyhistidine tag was engineered into RPA32 to separate out 4AZP carrying RPA from prematurely truncated protein that is formed when the UAG is read as a stop codon during protein expression. The RPA plasmid was coexpressed with a cognate pair of amber suppressor tRNA and amino-acyl tRNA synthetase specific for the incorporation of 4AZP. RPA 4AZP purified as a single complex (Figure 2A , B) and similar to the wild type RPA protein sedimented as a single species in sedimentation velocity experiments with apparent molecular weights consistent with a heterotrimer (Supplemental Figure 1) .
Site specific incorporation of 4AZP at position W101 in RPA32 was confirmed by subjecting the protein to LC-MS analysis after tryptic digestion. Further MS-MS fragment analysis obtained using a linear ion trap generate spectra confirming the presence of peptides corresponding to RPA32 carrying 4AZP at position 101 ( Supplemental Figure 2) . The peptide contains amino acids RK right before the site of 4AZP incorporation. Since trypsin cuts after both R and K, we observe both the shortest peptide, with the K cut off, and a missed cleavage fragment, starting with K. The data also confirm the presence of peptides with 4AZP at position 101 and no tryptophan containing peptide (at 101) was observed. Peptides containing 4-aminophenylalanine at position 101 were also detected. Laser-induced degradation of azide (-N 3 ) to amine (-NH 2 ) occurs during MS analysis (68) and such chemical conversions do not occur during cell growth, as established for 4AZP incorporation in other systems (69) (70) (71) .
Fluorescent RPA (RPA f ) was generated by incubating RPA 4AZP with dibenzocyclooctyne (DBCO) functionalized MB543 fluorescent dye, which covalently tethered the fluorophore onto the protein through strain-promoted azidealkyne cycloaddition. Site-specific fluorescent labeling of RPA f was confirmed by analyzing the protein on SDS-PAGE, where only the RPA32 subunit is detected upon fluorescence imaging ( Figure 2B ). RPA f sediments as a stable trimer in sedimentation velocity experiments suggesting that fluorescence labeling does not alter the overall structure of the protein complex (Supplemental Figure 1) . The copper-free coupling reaction yielded ∼50-65% labeling efficiencies and had no deleterious effects on the integrity of the protein, as evaluated by SDS-PAGE analysis ( Figure  2B) .
In reactions where copper-based click chemistry was attempted with 5-FAM-alkyne in the presence of 0.1 mM CuSO 4 , 0.5 mM Tris(3-hydroxypropyltriazolylmethy l)amine, 5 mM sodium ascorbate and 5 mM amino guanidine, no labeling of RPA 4AZP was achieved and RPA
4AZP
showed severe degree of degradation over time in our reaction conditions (data not shown). For Saccharomyces cerevisiae RPA 4AZP , DBCO functionalized fluorophores appear to be ideally suited under our reaction conditions because we do not observe non-specific labeling ( Figure 2B ). We also report a new procedure for the chemical synthesis of 4AZP from Fmoc-4-aminophenylalanine which enables more cost-efficient utilization of site-specific fluorescent labeling applications. This chromatography-free protocol utilizes reliable Sandmeyer chemistry that is easily scalable. Analytically pure material is obtained after recrystallization of the final product (Supplementary Methods).
ssDNA binding properties of RPA f
We next examined the spectral properties of RPA f to determine whether a change in fluorescence is observed upon binding to ssDNA. The excitation-emission spectra of RPA f show maximal fluorescence excitation and emission at 555 nm ( ex ) and 566 nm ( em ), respectively ( Figure 3A) . RPA binds ssDNA selectively, rapidly, and with high affinity; and RPA f binding to ssDNA produces a ∼5% enhancement in total fluorescence ( Figure 3B ). No change in fluorescence is observed in the presence of dsDNA due to the lack of RPA binding. Next, to assess whether the positioning of the fluorophore interfered with the ssDNA binding properties of RPA, we compared the DNA binding affinities of RPA WT and RPA f using electrophoretic mobility shift analysis. Titration of increasing amounts of RPA WT or RPA f with a 32 P-labeled (dT) 35 oligonucleotide generated a RPA-ssDNA complex visible as a slower migrating band in the gel ( Figure 3C) . Quantitation of the bandshifts show that both proteins bind stoichiometrically to the (dT) 35 ssDNA substrate ( Figure 3D ). RPA carrying the incorporated 4AZP (RPA 4AZP ) also binds to (dT) 35 with similar affinity (Supplemental Figure 3) . Therefore, positioning of the fluorophore at position 101 in the RPA32 subunit does not interfere with ssDNA binding affinity. RPA binds rapidly to ssDNA, and on longer ssDNA substrates multiple RPA molecules bind and form a protein coated filament. Occluded ssDNA binding site sizes of 18-20 nt and 25-26 nt at low (0.02 M) versus high (1.5 M) NaCl concentrations have been reported for yeast RPA (59) . Our reactions are performed at 100 mM KCl, where a 18-20 nt site size is expected. Thus, on a (dT) 97 oligonucleotide, ∼4-5 RPA molecules could bind. To observe the kinetics of RPA f binding to ssDNA, we performed a stopped-flow fluorescence experiment by rapidly mixing RPA f with a (dT) 97 oligonucleotide ( Figure 4A ). The reaction was excited at 535 nm and emission monitored using a 555 nm long pass filter. The data displays rapid (k obs = 23 ± 1.2 s −1 ) and slow phases (k obs = 0.003 ± 0.0006 s −1 ) of change in fluorescence signal upon binding to ssDNA ( Figure 4B and C) . To compare the ssDNA binding kinetics of RPA f with the RPA WT protein, we monitored changes in intrinsic tryptophan fluorescence of RPA WT and RPA f ( Figure 4D and E). Both RPA proteins bind rapidly to (dT) 97 , and two binding phases are observed. The rapid phase shows k obs,1 = 28 ± 1.8 s −1 and 32 ± 3.8 for RPA WT and RPA f , respectively ( Figure 4D and E). The slower phase shows k obs,2 = 0.014 ± 0.004 s −1 and 0.008 ± 0.003 for RPA WT and RPA f , respectively ( Figure  4D and E).
To test if the second phase reflected reorganization of multiple RPA molecules on the (dT) 97 substrate, we performed these experiments on a shorter DNA substrate (dT) 35 . Given the occluded site-size of RPA (18-20 nt/RPA), less than two RPA molecules will bind to a (dT) 35 oligonucleotide. If k obs,2 reports on Trp fluorescence changes associated with rearrangement of multiple RPA molecules on the (dT) 97 substrate, then on a (dT) 35 substrate k obs,2 should be significantly slower. We determined the association rate of RPA WT and RPA f by monitoring the change in Trp fluorescence as a function of increasing (dT) 35 oligonucleotide concentration (Supplemental Figure  4) . Under these conditions, k obs,2 is slower (0.002-0.006 s −1 ) compared to our observations on (dT) 97 (0.014 and 0.008 s −1 ; Figure 4 ). More importantly, these rates do not change with increasing DNA concentration. The data also yield association rates for RPA WT RPA32, close to the single fluorophore, are observed upon binding to ssDNA; whereas, in the Trp-quenching experiments, global conformational changes in both RPA70 and RPA32 are captured. The smallest RPA14 subunit is not thought to interact with DNA (49) . These experimental differences might account for the small variations in the two observed rate constants.
To test whether RPA f fluorescence is influenced by other proteins, we mixed it with Rad51 or Srs2 and monitored the change in fluorescence. We observe no change in the fluorescence signal when Rad51 or Srs2 is present in the reaction ( Figure 4F ). Rad51 and RPA have been shown to interact in the absence of DNA, (72) whereas no physical interactions have been reported between RPA and Srs2, but are known to work together in Rad51 clearing reactions (46) . Both RPA WT and RPA f physically interact with Rad51 (Supplemental Figure 5 ). These experiments suggest that RPA f is fully functional, retains the ability to interact with Rad51, and can be used to investigate RPA-DNA binding dynamics in multi-protein reactions.
Facilitated exchange of RPA f by RPA and SSB
RPA bound on ssDNA has been shown to undergo facilitated exchange with free RPA in the reaction (61) . To test whether RPA f can be utilized to capture such dynamics on ssDNA we performed stopped-flow experiments where preformed RPA f -ssDNA filaments were challenged with increasing concentrations of RPA WT or Rad51. In the first series of experiments, RPA f -(dT) 97 complexes were preformed by incubating RPA f and (dT) 97 oligonucleotides and rapidly mixed with increasing concentrations of RPA WT (unlabeled). The resulting change in fluorescence shows a rapid drop in fluorescence and both the observed rate constant and amplitude of the signal change increases with free RPA concentration ( Figure 5A and B) . A plot of the k obs versus free RPA concentration yields an apparent rate for the facilitated exchange process (0.7 ± 0.1 Figure 5C ). A hypothetical model has been proposed for facilitated exchange where the four OBfolds of RPA can be remodelled individually, while allowing the complex to remain on the ssDNA (61). The precise mechanism of how this self-propagated facilitated exchange occurs is poorly understood. Escherichia coli SSB, the functional homolog of RPA in prokaryotes, can also catalyze facilitated exchange of RPA (61) . In fact, we observe faster and effective displacement of RPA f by E. coli SSB with an apparent facilitated exchange rate of 47.3 ± 1.7 × 10 −12 M −1 s −1 ( Figure 5D-F) . While both RPA and SSB are homologs, they are structurally unrelated and bind to DNA using different mechanisms (73) . The differences between SSB-induced versus facilitated self-exchange of RPA remain to be explored.
Dynamics of RPA f during homologous recombination events
RPA-coated ssDNA serve as the foundation for the nucleation and growth of Rad51 presynaptic filaments in ho- mologous recombination. Rad52 is a mediator protein that functions to promote the exchange of RPA for Rad51 on the DNA (43). However, in single molecule DNA curtain experiments, Rad51 displaces RPA in the absence of Rad52 (62) . Rad51 binds to ssDNA in the presence of ATP and forms stable complexes (7) . Rad51 binding to a Cy3-labeled DNA substrate results in an increase in fluorescence. Using this assay, we first measured the rate of Rad51 binding to free 5 -Cy3-(dT) 79 oligonucleotide (k obs,1 = 1.3 ± 0.3 s −1 ; and k obs,2 = 0.008 ± 0.001 s −1 ; Supplemental Figure 6 ). To investigate RPA f dynamics during Rad51 nucleoprotein filament formation, we preformed RPA f -(dT) 97 complexes and challenged them with Rad51 in the absence or presence of ATP ( Figure 6A ). In the absence of ATP, there is no change in the fluorescence signal, as yeast Rad51 does not form a complex with ssDNA in the absence of ATP and hence no nucleoprotein filament formation is expected, thus is not able to displace RPA f ( Figure 6B ). In the presence of ATP, Rad51 displaces RPA f as it forms a filament on the ssDNA substrate. The change in fluorescence signal shows RPA f being dissociated in two distinct steps with k obs,1 = 0.26 ± 0.08 s −1 and k obs,2 = 0.02 ± 0.004 s −1 ( Figure 6B ). Whether the two rate constants reflect Rad51 nucleation and growth, respectively, remains to be established. In the absence of other mediator proteins such as Rad52, our data show that Rad51 can form a stable nucleoprotein filament with rapid kinetics on RPA-coated ssDNA.
The Srs2 helicase/translocase is an anti-HR mediator and functions by disassembling Rad51 nucleoprotein filaments (47). Srs2 is a motor protein in yeast and uses ATP to translocate along ssDNA substrate and capable of unwinding dsDNA (7, 14, 74, 75) . Single stranded DNA binding proteins such as SSB and RPA can diffuse along ssDNA substrates and other DNA binding proteins have been shown to modulate this sliding behaviour to displace SSB/RPA from DNA (10, 52) . We tested if a translocase such as Srs2 would be able to displace RPA f from ssDNA. When preformed RPA f -(dT) 97 complexes are rapidly mixed with Srs2 and ATP, an initial drop in fluorescence is observed followed by signal stabilization (Figure 6C and D) . When the concentration of Srs2 is doubled in the reaction to 200 nM (post-mixing), the fluorescence signal does not appreciably change as in experiments with 100 nM Srs2. The early exponential drop in signal yields k obs = 8.3 ± 1.2 s −1 and 8.5 ± 0.8 s −1 for 100 and 200 nM Srs2 in the reaction, respectively ( Figure 6D ). These data suggest that there is displacement of RPA f by Srs2. However, Srs2 is either rapidly outcompeted on ssDNA by the dissociated RPA f , or RPA f rapidly rebinds the DNA after it's removed by Srs2.
RPA has been shown to promote Rad51 filament disassembly by Srs2 and is proposed to sequester the ssDNA substrate following Rad51 dissociation (47) To test this model, we preformed Rad51 nucleoprotein filaments on a (dT) 97 substrate and rapidly mixed it with RPA f in the absence or presence of Srs2 ( Figure 6E ). In the absence of Srs2, no RPA f binding is observed, however, when Srs2 is present in the reaction, an increase in fluorescence is observed (k obs = 0.005 ± 0.002 s −1 ; Figure 6F ). These data suggest that Srs2 displaces Rad51 and enables binding of RPA f to the free ssDNA. However, it should be noted that Rad51 displaces RPA ( Figure 6B ), hence the apparent rate for filament clearing would also be severely influenced by RPA f removal by Rad51. The presence of mediator proteins during homologous recombination might enable stabilization of RPA on the ssDNA. Single molecule DNA curtain analysis of RPA f dynamics in HR Using ncaa to generate fluorescent DNA binding proteins will be useful in single molecule analysis of enzyme reactions because it overcomes the need to attach genetically encoded fluorophores. This approach is vital to studying proteins such as Rad51 and RecA, which are rendered inactive when GFP is tethered to the termini (18) . We have previously shown that GFP-or mCherry-tagged RPA can be used for preparing and visualizing ssDNA curtains for single molecule studies of HR intermediates (62) . As a proof of principle, we next sought to determine whether RPA f could also be used in double-tethered ssDNA curtain measurements to visualize the RPA f -ssDNA complexes and monitor assembly of the Rad51 presynaptic complex ( Figure  7A and B). For these experiments, long ssDNA substrates (∼50 knt) were loaded into a sample chamber and tethered to a lipid bilayer through a biotin-streptavidin linkage that also serves to prevent non-specific protein binding to the surface of the flowcell. Flushing the chamber with buffer containing 100 pM RPA f revealed ssDNA-RPA f complexes when visualized by total internal reflection fluoNucleic Acids Research, 2017, Vol. 45, No. 16 9423 rescence microscopy (TIRFM; Figure 7B ). To further establish if these are bonafide ssDNA-RPA f complexes, we next tested whether Rad51 is able to displace RPA f . Injection of 2 M wild type Rad51 (dark/unlabeled) in the presence of 2 mM ATP resulted in the rapid loss of fluorescence signal as RPA f is displaced from the ssDNA ( Figure 7D ). Consistent with previous findings, (62) these presynaptic Rad51 filaments remained stable on the ssDNA, even after flushing unbound Rad51 and introducing 100 pM free RPA f into solution for 30 min. Switching to a buffer that is identical except that it lacks ATP shows rapid return of RPA f signal as the Rad51-ADP dissociates and is replaced by RPA f (Figure 7D) . These experiments highlight the utility of RPA f for use in single molecule experiments of recombination intermediates where large genetically-encoded fluorescent tags could potentially confound measurements or affect protein function.
DISCUSSION
Multiple DNA binding proteins function together during all DNA metabolic process such as replication and repair. To investigate the mechanism of action of a single enzyme that functions in a multi-protein context, a quantifiable experimental signal from the enzyme of interest is required. In this study, we generated a fluorescent version of RPA (RPA f ) utilizing the ncaa methodology. 4AZP was used as the ncaa and inserted at position 101 in the RPA32 subunit. W101 in one of two aromatic residues in RPA32 proposed to interact with DNA. However, mutation of both aromatic residues does not affect DNA replication as the mutant cells show normal growth rates (76) . A slight sensitivity to UV damage is observed in the double mutant (77, 78) . The MB543 fluorescent dye was covalently attached to RPA 4AZP using strain-promoted azide-alkyne cycloaddition. Upon binding to ssDNA, RPA f generates a robust and quantifiable change in florescence, and the DNA binding properties of RPA f are similar to RPA WT including stoichiometric and rapid binding to ssDNA (Figures 3 and 4 ; and Supplemental Figure 4 ). This approach leaves all the cysteine residues intact and generates functional RPA complexes. This methodology is an attractive alternative to using genetically-encoded fluorophores which are large, interfere with function, and have positional limitations for attachment.
RPA is a unique protein that functions as a control hub to recruit various proteins, thereby coordinating almost all DNA metabolic processes in the cell (79) . By monitoring the change in fluorescence signal in RPA f we can selectively investigate its dynamics in multi-protein reactions such as HR. Here, we have captured the kinetics of RPA binding, dissociation, and facilitated exchange during HR in in the presence of the Rad51 recombinase and Srs2, an antirecombination mediator. Multiple DNA binding proteins are required to orchestrate HR and are present together during various steps in the reaction. The 5 ends flanking a dsDNA break are nucleolytically cleaved during resection to yield ssDNA overhangs that are sequestered by RPA (80, 81) . We show that RPA f binds rapidly to free ss-DNA (k obs = 23 ± 1.2 s −1 ; Figure 4C ) and self-exchanges at a 6-7-fold slower rate (k obs = 3-4 s −1 ; Figure 5C ). These data show that RPA bound to ssDNA are stable, as described previously (82) . During pre-synapsis, RPA bound to ssDNA needs to be displaced for Rad51 to bind and form the nucleoprotein filament. Pro-recombination mediator proteins such as Rad52 and BRCA2 are known to promote the binding of Rad51 on RPA-coated ssDNA (43) (44) (45) . RPA interacts with both Rad52 and BRCA2 and assembly of Rad51 on RPA-coated ssDNA is regulated through posttranslational modifications (83) (84) (85) . The observed rate of Rad51 binding and filament formation on naked ssDNA is ∼1.3 s −1 (Supplemental Figure 6) , whereas on RPA f coated DNA, Rad51 binds and displaces RPA f at ∼0.26 s −1 (Figure 6B) . These data suggest that Rad51 displaces RPA at ∼15-fold slower rate compared to the RPA facilitated selfexchange process. The difference in rate constants suggest that the mechanism of Rad51 binding to an RPA-coated ssDNA is different compared to facilitated self-exchange. The four OB-folds of RPA bind to ssDNA with different affinities and can be individually remodeled by other proteins to gain access to ssDNA (51, 61) . Such differences in DNA binding affinities within the OB-folds allow RPA to be tightly bound on the ssDNA, while allowing access to other DNA binding proteins that they recruit during various DNA metabolic processes. However, for complete RPA displacement, all four OB-folds will have to dissociate from ssDNA.
During facilitated self-exchange, RPA f could dissociate from the ends or internal regions and the vacant ssDNA binding site can now be occupied by unlabeled RPA. On the other hand, RPA has also been shown to diffuse on ssDNA (52) and could be pushed off by free RPA or other proteins (63) . Our data suggests that an active sliding-pushing off mechanism might be more applicable as we observe different observed rate constants for facilitated-self exchange (∼3.5 s −1 ; Figure 5C ), facilitated exchange with SSB (∼17 s −1 : Figure 5F ), and displacement by Rad51 (0.26 s −1 ; Figure 6B ). However, a passive mechanism, where the individual DNA binding domains of RPA dissociates followed by replacement with another DNA binding protein, cannot be ruled out. In our experiments, a (dT) 97 ssDNA substrate is used where both ends of the DNA are free. Whether RPA can be removed effectively by other proteins in cases where the ends are blocked, as in a replication fork or dsDNA bound by histones, remains to be investigated. Sliding and diffusion models of RPA movement on ssDNA have been suggested and how these models fit into mechanisms of facilitated self-exchange versus Rad51-mediated displacement remain to be explored (52, 61) . While in vitro assays show that mediators such as Rad52 are not required to displace RPA from ssDNA, (62) mediators can enhance the rate of Rad51 nucleation and growth in HR reactions where other DNA structures and proteins are present.
Rad51 nucleoprotein filaments promote the search for homology and catalyze strand-exchange (synapsis) in HR followed by replication and strand resolution. The dynamics between Rad51 and RPA during pre-synapsis is of immense interest as mutations in Rad51, RPA, BRCA2 and Rad52 have all been linked to various cancerous states (86, 87) . To capture the kinetics of Rad51 nucleation and filament growth in the presence of RPA and mediator proteins, we are currently developing ncaa-based fluorescent Rad51 to directly investigate its dynamics in HR. In other scenarios, Rad51 filaments are displaced by anti-HR mediator proteins such as the Srs2 helicase. In the presence of ATP, Rad51 forms a stable nucleoprotein filament on ss-DNA substrates that is refractory to RPA rebinding ( Figure  7C ). Previous studies have shown that Srs2 displaces Rad51 by stimulating ATP hydrolysis within the nucleoprotein filament and the reaction is enhanced in the presence of RPA (7, 74, 88) . Based on these studies, current models posit RPA sequestering the ssDNA behind the Srs2 helicase as it clears Rad51 molecules (48) . We have measured the binding of RPA f behind the Srs2 helicase during Rad51 filament clearing ( Figure 6E ). RPA f binding in this context occurs at k obs = 0.005 s −1 , much slower than the rates of Srs2 filament clearing previously reported (7, 14) . Since Rad51 can displace RPA f in our experiments ( Figure 6B ), RPA f molecules that bind behind the Srs2 helicase will be exchanged by free Rad51 in the reaction. Thus, how RPA is stabilized during filament clearing remains to be established. One possibility is the contribution of a mediator protein that might stabilize RPA binding to DNA or post-translational modifications of Rad51 could prevent its rebinding or exchanging RPA. Interestingly, our results suggest that a motor protein such as Srs2 is capable of displacing RPA f from ssDNA. RPA fssDNA complexes challenged with Srs2 show a small, but rapid initial drop in RPA f fluorescence (k obs = 8.5 ± 0.8 s −1 ; Figure 6D ) followed by a plateauing of the signal. This suggests that RPA f being displaced is either rapidly able to compete off Srs2 from ssDNA or binds to the free ssDNA behind the Srs2 helicase, causing the stabilization in fluorescence signal ( Figure 6C and D) . Single molecule fluorescence experiments will be required to better understand these mechanisms and the ncaa methodology can be applied to generate fluorescently labeled proteins.
We show the application of RPA f in single molecule DNA curtain assays where dynamics of RPA on long ∼50 knt substrates are captured (Figure 7) . Assembly of RPA f molecules can be visualized and its displacement during facilitated self-exchange can be quantitated. Flowing in Rad51 with ATP displaces RPA f and formation of the nucleoprotein filament is observed. When ATP is washed out of the reaction, Rad51 dissociates and binding of RPA f is clearly visualized. The development of fluorescent Rad51 and mediator proteins will be applicable to monitoring their individual dynamics during HR and other DNA metabolic processes.
In summary, we have used RPA f to describe its dynamics during HR. Since RPA coordinates several DNA metabolic processes, this approach now presents a powerful experimental tool to investigate its dynamics in DNA replication, replication restart, nucleotide excision repair, dynamics on telomeric ends, and other such processes on DNA. The use of ncaa to generate fluorescently-labeled proteins should be broadly applicable to investigating other processes in multiprotein systems. In addition, this methodology enables click chemistry based attachment of dyes that will enable us to investigate conformational changes in this region using EPR and NMR specific probes.
